EXTENDED X-RAY ABSORPTION FINE-STRUCTURE ANALYSIS
In the EXAFS technique, information about the electronic properties and structural environment of the X-ray absorbing atom and its surroundings is extracted from the X-ray absorption coefficient, μ(E), measured within 1,000-1,500 eV of the X-ray absorption edge energy, that is, the excitation energy of the core-level electron. This energy range contains the X-ray absorption near-edge structure and EXAFS spectra. The oscillatory part of μ(E), also known as the EXAFS signal, or χ(k), is obtained by normalizing the μ(E) by the edge step and subtracting the smooth background function. These oscillations, which arise from the interference patterns of photoelectrons due to their scattering from neighboring atoms, contain quantitative information about the atomic environment in the proximity of the absorbing atom. The EXAFS signal contains the sum of all contributions, χ i (k), from groups of neighbors at approximately equal distances from the absorbing atoms (i.e., within the ith shell), which are often written as (8) χ i (k) = S 2 0 n i kR
where k is the photoelectron wave number; f eff i (k) and δ i (k) are the photoelectron scattering-path amplitude and phase, respectively; S 2 0 is the passive electron-reduction factor; n i is the degeneracy of the scattering path; R i is the effective half-path length (which equals the interatomic distance for single-scattering paths); σ 2 i is the mean-square deviation in R i ; σ is the third cumulant of the pair distribution function (9) ; and λ i (k) is the photoelectron mean free path. The meansquare deviation, σ 2 , of the first-nearest-neighbor (1NN) distance can be represented to a good approximation as a superposition of static (σ 
By obtaining the best-fit values, along with their uncertainties of n i , R i , σ 2 i , and σ
i , one can significantly reduce the number of possible models of cluster structure and their interaction with the environment (thermal effects, gas atmosphere effects, cluster-substrate and cluster-adsorbate interactions, etc.). However, EXAFS yields only ensemble-averaged information, and thus its application is most valuable for structural refinement of size-controlled nanoclusters. In this review, we specifically address the meaning of EXAFS results obtained for clusters whose size and compositional distributions are not symmetric or narrow.
The most dominant contribution to EXAFS signal is from backscattering of the photoelectron by neighboring atoms toward the absorbing atom (so-called single scattering). More complex scattering patterns involve reflections of the electron wave off of multiple atoms (10) . This multiple-scattering approach is necessary to accurately calculate the absorption coefficient. For example, the contribution from multiple scattering by atoms along an atomic row, known as the shadowing or focusing effect, can dominate the backscattering. The amplitude-reduction factor, S 2 0 , describes the intrinsic losses upon excitation that arise due to the many-body effects in the photoabsorption process.
The σ 2 i term reduces the intensity of EXAFS oscillations at high k as a consequence of fluctuations in interatomic distances. It equals the standard deviation in the bond length and is caused by configurational (temperature-independent) disorder and dynamic vibrations. Although commonly used in EXAFS analysis as a measure of the bond-length disorder, this term is applicable only to systems with small to moderate disorder, for which the first few terms in the cumulant expansion of the pair distribution function adequately represent the unknown distribution (11) . High-order cumulants in EXAFS analysis generally describe the asymmetry in the pair distribution function beyond the Gaussian approximation (9) , but whether cumulants of order four and higher can be reliably extracted from data remains an unresolved issue (12) . Neglecting the anharmonic term (Equation 1) yields a nonphysical decrease in the 1NN bond lengths at high temperatures and can be confused with the real negative thermal expansion that has recently been observed in nanoparticles (13, 14) . To separate the temperature-independent σ 
To extract these and additional structural parameters from experiments, the theoretical EXAFS equation (Equation 1) must be fit to the measured data. The number of adjustable parameters should not exceed the number of relevant independent data points in the analysis: N idp = 2 k r/π (17) . The analysis can be performed by a number of software packages that both perform nonlinear least-square fitting and report uncertainties in the results. Among the most popular programs based on ab initio calculations of X-ray absorption spectra are IFEFFIT (18), EXCURVE (19) , and GNXAS (20) .
A common strategy for analyzing mono-and multimetallic nanoparticles involves first obtaining the passive electron-reduction factor (S 2 0 ) from a fit to a bulk standard (e.g., a metal foil), then fixing it in the subsequent fits to the nanoparticle data to obtain coordination numbers. Multiplescattering analysis allows for measurements of coordination numbers within the first five shells in the face-centered cubic (fcc) structure in monometallic (21) and bimetallic (22) nanoparticles. The latter analysis is performed by constraining the heterometallic bonds to have the same bond lengths and disorder parameters, as viewed from either metal-absorption edge (23) . Furthermore, the following constraint on the coordination numbers of heterometallic bonds around elements A and B is used: n AB = n BA (x B /x A ), where x A and x B are the bulk concentrations of elements A and B, respectively (24).
SOLVING THE NANOPARTICLE STRUCTURE BY EXTENDED X-RAY ABSORPTION FINE-STRUCTURE ANALYSIS
In studies of the structure of nanoparticles, the coordination numbers n i (Equation 1) are considered to be the most important structural parameters that can be obtained from EXAFS analysis. The coordination number of the ith shell (with radius R i ) around the absorbing atom in a monometallic cluster is defined as the average number of nearest neighbors within a given shell per absorber:
Here N i is the total number of the nearest neighbors separated by R i , and N is the total number of absorbing atoms in the cluster. In a heterometallic cluster, Equation 3 describes the coordination number n AA(i) of monometallic pairs:
The coordination number n AB(i) of the heterometallic pairs A and B is defined as
where N A is the total number of A atoms in the cluster. The numerator in Equation 4 contains a factor of two because each of the two atoms in the monometallic pairs can absorb X-ray photons, so such pairs should be counted twice. Coordination numbers are obtained by EXAFS analysis model independently and are often employed for characterizing the clusters in terms of their structure and geometry. However, as described below, such interpretation should be done with extreme caution because the actual clusters in any given sample display a range of sizes and compositions. The ensemble averaging is done within the EXAFS experiment, and that averaging may not be representative of any given cluster if the composition or size distributions are broad and/or if the clusters are disordered, as demonstrated below.
To establish a clear picture of the particle structure and shape, EXAFS analysis of coordination numbers must extend to higher-order shells (21, 22, 25) by including single-and multiplescattering contributions from these shells to the EXAFS data. With this approach, coordination numbers can be obtained up to the fifth shell (21, 25) , although with less accuracy than for the first shell.
Numerous methods have been developed to correlate the coordination numbers obtained from EXAFS with the size, structure, and shape of nanoparticles. In one such approach, the experimentally obtained sequence of coordination numbers measured by EXAFS analysis is compared with the same sequence calculated theoretically for a given cluster model. For cluster modeling, a number of methods employ closed-shell clusters based on regular polyhedra. These models utilize exact analytical relationships between the size (and hence the magic number of atoms and the polyhedral order) of the cluster and the coordination number of any given shell. Greegor & Lytle (26) developed analytical equations to obtain first-shell coordination numbers for various shapes, including spheres, cubes, and disks, for fcc packing. The Frenkel group (21, 22, 27) analyzed polyhedral fcc clusters of several different shapes and morphologies by using electron microscopy measurements of average size and EXAFS coordination numbers up to the fifth order. In this experiment, the authors constructed three-dimensional cluster models from which the coordination numbers were obtained through a suite of computer programs (27) . Similarly, Roldan Cuenya et al. (28) compared EXAFS and electron microscopy data against a database of thousands of fcc clusters, including those with asymmetric shapes that can result from particle-substrate interactions. This method also enables higher-shell analysis. The common drawback of shape-specific calculation methods, however, is that the sequence of coordination numbers must be calculated for each individual cluster-a tedious process that does not take into account incomplete shells or disordered clusters.
Benfield (29) , Fritsche & Benfield (30) , and Montejano-Carrizales et al. (31) advanced this approach further by generating analytical equations for the coordination numbers as a function of cluster size for many geometries, including cuboctahedrons, icosahedrons, and tetrahedrons. The analytical equations yield accurate coordination-number values for these model shapes. However, the equations were derived for closed-shell clusters only and are shape specific, so they cannot be easily used to search for a specific size and shape if many geometries need to be compared. More importantly, these methods (with a few exceptions) were developed only for first-shell coordination-number analysis; the equations become very cumbersome for higher shells.
In addition to these exact approaches, several approximate methods have been developed. Jentys (32) simulated the coordination numbers with interpolated hyperbolic functions. The first five coordination numbers of computer-generated model nanoparticles of various sizes and shapes, including spheres, cubes, and distorted cubes, were modeled as a function of particle size with a hyperbolic function with four parameters calculated by fitting the obtained data points:
where n i is the coordination number for shell i; N at is the number of atoms; and a, b, c, and d are the fitting parameters that can be obtained for each shape by fitting Equation 6 to the actual coordination numbers in a given family of clusters of the same shape but different N at . For a few shapes (e.g., spheres, cubes, distorted cubes, and slabs, all with fcc packing), the graph of n 1 versus particle size did not differ greatly by shape; however, the graph of n 1 /n 3 versus particle size is significantly shape dependent. According to Jentys, the particle size can be determined
by comparing the first coordination number obtained from experimental EXAFS data with the fitted n 1 graph. The shape can be determined by comparing the n 1 /n 3 versus particle size graph obtained from experimental EXAFS data with the fitted n 1 /n 3 graph and determining whether the experimental curve falls above, on, or below the fitted curve. Unlike the exact methods, this approach uses a single equation to analyze all of the shapes studied, and because the equation was not derived for specific shapes, it does not need to assume complete shells. Additionally, coordination numbers up to the fifth shell can be determined. However, the obtained graphs, and the relationships between the coordination numbers that they contain, are limited to the three specific shapes; thus, general conclusions should be drawn with caution. Furthermore, other studies have demonstrated that some shapes do have a strong effect on first-shell coordination number, and thus such a method of size determination is limited to similar shapes (25). Jentys's coordination-number-ratio analysis was expanded by Beale & Weckhuysen (33) , who included more shapes and employed a similar ratio analysis of different shell coordination numbers, thereby allowing for more specific shape determination.
Other methods estimate coordination numbers by assuming that nanoparticles are spherical. One such approach was developed by Calvin et al. (34) , who derived an equation to determine coordination numbers as a function of cluster size:
where r is the distance between the nearest-neighbor atoms and R is the particle radius. This method allows one to calculate coordination numbers as a function of the cluster size for an arbitrary coordination shell (because r varies with the shell number), but it is limited to sufficiently large clusters. This method, in principle, can be used to discriminate between symmetric (quasispherical) and asymmetric clusters if the coordination numbers of the higher-order shells are measured by EXAFS. Pirkkalainen & Serimaa (35) developed another approximate approach to determine coordination numbers up to the fourth shell for spherical nanoparticles of different sizes and different structures, including fcc, simple cubic, body-centered cubic, and hexagonal close-packed structures. The authors introduced an interpolation function, y = 3t/r, where t is the thickness of the surface-atom layer. The following equation was then used to determine the coordination number:
where n ∞ is the theoretical coordination number for an infinite lattice and n surf is the average contribution of surface atoms to the coordination number. The parameters t and n surf are determined by fitting Equation 8 to the calculated coordination numbers. When compared with the exact methods, this approach provides accurate results, although the accuracy decreases for smaller particles because of the approximation for n surf (Figure 1 ).
As mentioned above, all approximate methods can give reliable coordination-number values only if the nanoparticle is large and therefore can be considered spherical or, at least, symmetric. For small and/or asymmetric particles, the shape and the nature of the facets make a crucial difference in the coordination numbers, and more accurate methods of their calculations-those sensitive to the cluster shapes-are required.
Glasner & Frenkel (27) and Frenkel et al. (36) proposed an alternative approach to analytical methods that employed computer-generated clusters and the radial distribution function (RDF) procedure for calculating coordination numbers. The latter enables the rapid calculation of coordination numbers for an arbitrary coordination shell. For any model cluster, closed shell or not, Coordination number of a face-centered cubic cuboctahedral particle versus particle size for various approximate approaches, compared with exact values (27) the frequency distribution of neighbors around a given atom is given by
with
where ρ i is a partial RDF for an atom i and N i is the number of neighbors within the spherical shell of thickness R i . Integrating the RDF curve yields the average coordination numbers of the absorbing atom for each shell over the entire sample
Equation 11 is equivalent to Equation 4 (and to Equation 5, for heterometallic pairs) but provides a fast, direct method of obtaining the coordination numbers of clusters with arbitrary sizes and shapes (including those with incomplete shells, as well as clusters in which the atomic positions are disordered). Many researchers combine electron microscopy data with multiple-scattering EXAFS analysis and data modeling to discriminate between several shapes with the same sequences (within the error bars) of the coordination numbers of the nearest-neighbor shells (25, 28, (32) (33) (34) . EXAFS also provides critical information about the structure of bimetallic nanoparticles. For a nanoparticle composed of atoms of types A and B, partial coordination numbers n AA , n AB , n BA , and n BB (defined above in Equations 4 and 5) can be measured by multiple-edge refinement of EXAFS data (37) . These parameters elucidate the intraparticle composition, such as the extent of segregation or alloying of atoms (e.g., random distribution), as opposed to the positive or negative tendency to cluster (22, 23, (38) (39) (40) (41) (42) (43) (44) (45) . Once the above parameters are known, the total coordination number of metal-metal neighbors per absorbing atom can be determined from the following equation: n MM = x A n AM +x B n B M (23) . The total coordination number can be employed to determine the size and shape by use of the same methods applied to monometallic particles. Alloys of elements with overlapping absorption edges (e.g., V and Cr, Pt and Ir, Pt and Au), however, cannot be analyzed simply by EXAFS because EXAFS at the higher-energy edge is convoluted with the EXAFS from the lower-energy edge. Menard et al. (46) recently proposed a simple solution in which the EXAFS from the two edges are deconvoluted with IFEFFIT.
Hwang et al. (47) developed a methodology to determine quantitatively the extent of alloying and dispersion in nanoparticles from EXAFS data. The authors' analysis uses the parameters P observed , R observed , P random , and R random , where P observed is defined as the ratio of n AB to the total coordination number of metal neighbors to A atoms (n AM ). R observed is the ratio of n BA to n BM . P random and R random are the ratios for a perfectly alloyed particle, and both have a value of 0.5 if the ratio of the number of A atoms to B atoms is 1:1, which implies that n AA = n AB and n B B = n BA . For different ratios of the number of A atoms to the number of B atoms, P random and R random can be easily determined (23) . Parameter J A is given by J A = P observed P random × 100%, and J B = R observed R random × 100%.
By contrasting J A and J B with the coordination numbers n AA and n BB , one can resolve the details of the particle composition. For example, if J A < 100% and J B < 100% then A atoms "prefer" being adjacent to A atoms and B atoms "prefer" B atoms; that is, A and B atoms alloy less, indicating a positive tendency for clustering of like atoms. If J B > J A , then the core is A-rich, the shell is B-rich, and n AA > n B B ; whereas if J A > J B , the core is B-rich, the shell is A-rich, and n B B > n AA .
For homogeneous alloys in which A and B atoms occur with equal probability within the particle or on the surface, n AM = n B M (23) . However, even in homogeneous alloys, short-range order may be present; it can be characterized by Cowley's short-range order parameter (48),
which was previously employed for EXAFS studies of bulk alloys (49) . This parameter can be used to investigate the degree of the positive (α > 0) or negative (α < 0) tendency to clustering within the bimetallic nanoparticles (23 
STRUCTURAL AND COMPOSITIONAL DISORDER
The EXAFS data-modeling procedures summarized above yield accurate predictions for the geometric properties of nanoclusters if the following conditions are met:
1. All particles must be nearly identical in size and structure so that the ensemble-averaged environment of an absorbing atom is representative of that present in an individual nanoparticle. 2. The disorder in the interatomic distances must be quasi-Gaussian, ensuring that only a few leading cumulants (up to the third or fourth cumulant) are required to represent the unknown pair distribution function of neighbors. The bond-length disorder can be either intraparticle or interparticle in origin, or both. 3. For bimetallic particles, the interparticle compositional distribution must be sufficiently narrow so that the homogeneity and randomness of atomic species within the particles can be reliably characterized.
We address these conditions individually below.
Sample Heterogeneity
If the sample consists of a heterogeneous mixture of reduced and unreduced species, the best fit for the coordination numbers is related not only to the geometry of the particles but also to the volume fraction of the particles within the sample, which in such cases is less than 100% (23) . In some cases, the size of the nanoparticles can be obtained independently by electron microscopy, and the analytical power of EXAFS is reduced to obtain merely the unknown volume fraction of the nanoparticles [from the ratio of the coordination numbers measured experimentally from EXAFS and calculated from the size obtained by electron microscopy, assuming a specific shape, such as round or polyhedral (50)].
Intraparticle Disorder
In most solids, the bond-length disorder is small to moderate throughout a wide temperature range. In nanoparticles, deviations from a perfect crystalline lattice are often enhanced relative to the bulk. Such deviations can result from capping ligands (51), steric effects (52), crystalline defects (e.g., twins) (53), multiple metastable states (54, 55) , and interactions with adsorbates (56). The enhanced surface tension, typical in nanoparticles (57) , causes a decrease in the lattice parameter (58-61). The most strained bonds are typically near the surface of the nanoparticle, which results in a strong variation (decrease) of the interatomic distances from the interior of the cluster toward the surface (59, 62) . Such interparticle disorder is thus strongly non-Gaussian, which causes a problem in EXAFS analysis if such disorder is neglected in the model. Yevick & Frenkel (63) recently accounted for anisotropic bond-length disorder through the following ansatz for the deviation of atomic positions, relative to the ideal periodic cluster, with the distance from the cluster center:
This distortion function satisfies the conditions f (0) = 1 and f (R) = B ≤ 1 at the cluster center and the periphery, respectively. Multiplying all atomic coordinates by the distortion function (Equation 13) yields the new positions in the distorted cluster. The parameter A corresponds to the curvature of the distortion curve and can be changed, typically in the range between 1.05 and 1.00001, to simulate uniformly (59) and nonuniformly (62) typically lies in the range between 0.95 and 1.0, which agrees well with physically reasonable bondlength truncation effects in small clusters. The different distortion functions correspond to different distributions of the 1NN distances and simulate the radial relaxation of the surface tension from the outer layers of the cluster inward (Figure 2a) . Yevick & Frenkel (63) calculated the theoretical EXAFS signals in distorted and undistorted clusters and analyzed them by conventional methods that assume low disorder and include a third cumulant in the analysis. These authors concluded that (62) cause the apparent coordination number to be 10% lower than the actual value if the distortions are not incorporated in the analysis (Figure 2b) .
The distortions and, thus, the errors resulting from neglecting the effects of surface relaxation can be minimized by passivating the particle surface with H 2 or CO, which increases bulk-like order in the clusters (13, 14, 64) . To minimize errors in the coordination numbers and, hence, in the determined particle-size estimates (given that neglecting the disorder results in underestimation of the coordination numbers and, therefore, the size), complementary measurements obtained through other techniques are required.
Interparticle Disorder
The quantitative influence of the particle-size distribution on EXAFS measurements has not yet been studied, to the best of our knowledge. The general understanding is that EXAFS-derived coordination numbers overestimate the average cluster size if the size distribution is broad. If the distribution is known (e.g., from HAADF-STEM measurements), coordination numbers theoretically calculated for specific cluster models can be weighted with experimentally obtained cluster-size distribution to calculate the volume-weighted coordination numbers in nanoparticles. Such corrected coordination numbers can later be used for direct comparison with EXAFS results (64, 65) .
We now consider a more general case of a symmetric arbitrary distribution of cluster order (L) that can be approximated as the Gaussian function
where L is the average cluster order and σ s is the standard deviation in L. In the calculations of coordination numbers below, we employ the cluster order [defined as the number of crusts in the cluster (31)] instead of the cluster size to insure that our results are independent of a given material composition. For cuboctahedral clusters, the cluster order L and cluster diameter D are simply related: D = 2Lr, where r is the 1NN distance. Because all the average quantities described below contain ρ(L) both in the numerator and the denominator, the overall normalization constant of ρ(L) is omitted from Equation 14. The subscript of σ designates the variance in the cluster order because a similar estimate of its influence on the coordination number measured by EXAFS is subsequently performed for the variance in the composition in heterometallic clusters (see below). We compare the theoretical coordination numbers in a cuboctahedral cluster of a certain order; the average coordination numbers are calculated over all clusters with the size distribution ρ(L):
Note that Equation 15 has a weighting factor, N(L), which indicates the number of atoms in a cluster of the order L. This correction is required because ρ(L) is commonly obtained by electron microscopy measurements as a frequency distribution that depends on cluster size, not volume, whereas volume averaging is required for coordination-number measurements by EXAFS.
To estimate the effect of ρ(L) on the average coordination numbers, we assume cuboctahedral clusters in which the coordination number and the number of atoms for a given cluster order L are calculated as (31) n(L) = 24L(5L 2 + 3L + 1) and For distributions ρ(L) with nonzero σ s , how are the EXAFS results different from those obtained for an equivalent cluster that has size L and coordination number n 0 ? When σ s increases, n > n 0 because the larger clusters contribute more to the average than do the smaller clusters (Equation 15). As expected, for systems with relatively narrow size distributions-that is, with values of σ s below 0.5 for small clusters and 1 for larger clusters-the EXAFS predictions are not significantly affected (Figure 3) . As a result, if the distribution of particle sizes is known, the average (theoretical) coordination numbers can be obtained by applying Equation 15 . For quasi-Gaussian distributions, the average coordination numbers can be determined from Figure 3 for different values of σ s (here, we analyze several representative cluster orders). The experimenter measures σ s , then determines both the intersection on the graph of σ s and the measured coordination number to obtain an estimate of the mean cluster order and, thus, the mean cluster size. If σ s is incorrectly assumed to be too narrow, the EXAFS coordination numbers overestimate the mean cluster size.
In summary, if the cluster-size distribution is broad, the above analysis must be performed to determine the coordination numbers in the equivalent (mean) cluster. Indeed, Equations 16 and 17 assume a specific shape of the cluster and therefore limit the generality of the coordination numbers that are obtained from Equation 15 . However, EXAFS analysis is useful as a means to find out whether the microscopy and EXAFS results together point to the same model of the mean cluster in the distribution, with a certain size and shape. For example, suppose that a certain value for the coordination number is obtained by EXAFS and corrected through Equation 15 , or Figure 3 , to represent a mean cluster of the distribution. Then, assume that this value is very different from that inferred from the mean cluster size measured by electron microscopy. Such a discrepancy must arise from other, unidentified factors. Thus, the EXAFS technique, even in this case, would yield important structural information.
Finally, there is the separate issue of the effects of σ s on parameters such as the measured σ 2 (the Debye-Waller factor) or the measured r (the 1NN distance). These values are affected when larger clusters have different spacing between atoms, compared with the smaller clusters (66) . We apply the same formula as Equation 15 but replace n(L) with r(L), which is the average spacing between atoms for a given cluster order. This quantity is system dependent and difficult to obtain because it should be measured in a series of well-defined clusters of different average sizes. We have observed that, even for very poorly defined cluster sizes, with σ s /L ≈ 2/3 and typical choices of r(L), the resulting corrections do not exceed 0.015Å for r and 0.00015Å 2 for σ 2 . These effects therefore require less attention compared with other factors that affect EXAFS results.
Compositional Disorder in Bimetallic Nanoparticles
We demonstrated in the previous section that knowledge of partial coordination numbers in heterometallic nanoparticles provides detailed insight into the nanoparticles' compositional habits; this information includes the degree of the short-range order and the homogeneity of alloying. In this section, we quantify the effects of compositional disorder on the EXAFS analysis results and demonstrate that interparticle variations in the composition affect the experimentally determined coordination numbers.
For simplicity, we consider a system that contains particles of the same size but in which the particle composition varies around the average value from cluster to cluster. We take the distribution of composition to be a Gaussian in x:
where x = N A /N is the fraction of atoms that are of type A in a given cluster, x is the average composition over all clusters, and σ c represents the standard deviation in the distribution of ρ(x). Furthermore, we assume a random ordering of the atoms within each cluster. Because of the random distribution of atoms, the partial coordination number n AA in each cluster is defined as
where N A is the number of atoms of type A in the given cluster, and N is the total number of atoms in each cluster (which is identical for all clusters as a result of the identical cluster sizes). Equation 19 is more general than the equations used by Hwang et al. (47) and Frenkel (23) , which require that n AA = xn MM for randomly distributed atoms within the clusters. The previous approaches agree with Equation 19 for clusters with a large number of atoms, but only for values of x that are not too close to the boundaries of the compositional range (zero and one), whereas Equation 19 is accurate for all clusters and also correctly calculates the coordination numbers over the entire compositional range. The exact formulas for the partial coordination numbers, averaged over the ensemble of clusters, arẽ Normalized partial coordination numbers of (a) AA and (b) AB pairs as functions of the standard deviation of the cluster composition for clusters of N = 100 atoms, calculated assuming a Gaussian compositional distribution.
Calculated partial coordination numbers (for clusters with N = 100 atoms, where we have normalized the resultant coordination numbers by n MM ) are shown in Figure 4 . Our results indicate that the ensemble-average coordination numbersñ AA can be smaller for narrow compositional distributions or larger for broad distributions than the coordination numbers predicted by the equation n AA = xn MM . The two sets of values,ñ AA and n AA , agree for σ c = x(1 − x)/N , for which the normal distribution coincides with binomial distribution.
SUMMARY POINTS
1. Comparing the coordination numbers obtained from multiple-scattering EXAFS analysis for a few nearest-neighboring shells against a large number of available polyhedral cluster models, then determining the structure that best matches the EXAFS results, yields in principle the three-dimensional structure, shape, and compositional distribution of a cluster.
2. The structural refinement of EXAFS data is complicated by disorder in the atomic positions. These effects can be corrected for small and/or Gaussian disorder. In many nanoparticle systems, however, the disorder is asymmetric as a result of surface reconstruction or interior defects such as dislocations or twins, so additional analysis is required to extract accurate coordination numbers.
3. To identify the structure and shape of the equivalent (mean) cluster, the broad size distribution of nanoparticles in a sample requires further corrections to the EXAFS coordination numbers.
4. Partial coordination numbers in a heterometallic particle can be employed to quantify the intraparticle homogeneity and short-range order for arbitrary cluster sizes and a wide range of component fractions, provided that all the clusters possess nearly identical compositions.
5. If the composition varies widely from cluster to cluster, corrections can be applied to characterize the equivalent (mean) cluster of the sample.
